Halogenated aromatic compounds are widely used in agriculture and industry as solvents, defatting agents, herbicides, and fungicides. A variety of these compounds have been identified as priority organic pollutants by the United Nations and the U.S. Environmental Protection Agency. Therefore, the remediation of these pollutants is desirable. Microorganisms play key roles in the detoxification of halogenated aromatics. The use of microbial enzymes for bioremediation has received increasing attention as an efficient and cost-effective biotechnological approach. Halogen removal from halogenated aromatics reduces both the recalcitrance to biodegradation and the risk of forming toxic intermediates during subsequent metabolic steps. As a result, the key reaction for microbial detoxification of halogenated aromatics is the actual dehalogenation (35) .
Investigation of the microbial degradation of different halogenated aromatics has led to the detection and elucidation of various dehalogenases that catalyze the removal of the halogen atom under aerobic and anaerobic conditions (8, 11, 17) . Four dehalogenation mechanisms of halogenated aromatics are known, including reductive, thiolytic, oxidative, and hydrolytic mechanisms (41) . Reductive dehalogenation plays important roles in the degradation of chlorinated aromatics under anaerobic conditions (36, 44) . Several anaerobic bacteria are capable of using chlorinated benzenes (2) or polychlorinated dibenzodioxins (5) as the terminal electron acceptors in their energy metabolism. These bacteria couple reductive dehalogenation to electron transport phosphorylation (15) . Several enzymes catalyzing the respiratory reductive dechlorination of halogenated aromatics have also been characterized (1, 4, 7, 20, 28, 38, 40) . Under aerobic conditions, some chlorinated aromatics can also be reductively dehalogenated by thiolytic substitution in the presence of glutathione (12, 19, 25, 46, 48) . In this dehalogenation system, chlorine atoms are displaced by the nucleophilic attack of the thiolate anion of glutathione. The nucleophilic attack of the thiolate anion is catalyzed by glutathione S-transferases (43) . Besides the two well-characterized mechanisms for aryl halide reductive dehalogenation, two other mechanisms have been reported, including reduced NADPH-dependent reductive dechlorination of 2,4-dichlorobenzoyl-coenzyme A (CoA) to 4-chlorobenzoyl-CoA in Corynebacterium sepedonicum KZ-4 and coryneform bacterium strain NTB-1 (31) , as well as a CoAmediated reductive dehalogenation of 3-chlorobenzoate in Rhodopseudomonas palustris RCB100 using 3-chlorobenzoate as the carbon source rather than as a terminal electron acceptor (13) . Oxidative dehalogenation of halogenated aromatics is catalyzed by monooxygenase (29) , dioxygenases (34, 37, 39, 45) , and peroxidase (30) .
Even though several hydrolytic dehalogenases involved in dehalogenation of halogenated aliphatic hydrocarbons and halogenated carboxylic acids have been characterized, only one kind of hydrolytic dehalogenase for halogenated aromatics has been reported. The only hydrolytic dehalogenase identified to date is 4-chlorobenzoyl-CoA dehalogenase in the 4-chlorobenzoate degradation system (32, 33) . For the hydrolytic substitution of the chlorine atom of 4-chlorobenzoate with a hydroxyl group, activation by the CoA thioester formation is required. Initially, 4-chlorobenzoate-CoA ligase adenylates the carboxyl group in a reaction requiring ATP, followed by the replacement of AMP with CoA and the formation of a thioester. This intermediate is sufficiently energized to facilitate the replacement of the hydroxyl group with a 4-chlorine atom; this is catalyzed by 4-chlorobenzoyl-CoA dehalogenase. Finally, 4-hydroxybenzoyl-CoA thioesterase removes the CoA (Fig. 1a) . Three separate enzymes are involved in this system, and cofactors including CoA and ATP are needed (32, 33) . Chlorothalonil (2,4,5,6-tetrachloroisophthalonitrile), a broadspectrum chlorinated aromatic fungicide, is the second most widely used agricultural fungicide in the United States, with 5 million kilograms applied annually (9) . Chlorothalonil is highly toxic to fish, birds, and aquatic invertebrates (6) and is commonly detected in ecosystems (18) . The bacterial strain Pseudomonas sp. CTN-3, capable of efficiently transforming chlorothalonil, was isolated in our laboratory from long-term chlorothalonil-contaminated soil in the Jiangsu Province in China. In Ochrobactrum anthropi SH35B, a glutathione-dependent glutathione S-transferase was reported to be able to catalyze the nucleophilic substitution of chlorine atoms of chlorothalonil (19) . The glutathione S-transferase in our CTN-3 bacterial strain showed 84% identity with that of O. anthropi SH35B. However, the glutathione S-transferase from CTN-3 was not functionally expressed. Here, we report for the first time the characterization of a novel chlorothalonil hydrolytic dehalogenase (Chd) that contains a conserved domain of the metallo-␤-lactamase superfamily. Chd is the second hydrolytic dehalogenase for chlorinated aromatic compounds to be identified. The hydrolytic dehalogenation of chlorothalonil catalyzed by Chd is independent of CoA and ATP. Based on the analysis of amino acid sequences and catalytic mechanisms, Chd is unique from the other reported hydrolytic dehalogenases.
MATERIALS AND METHODS
Chemicals. Chlorothalonil (99.3% purity), diethyl pyrocarbonate (DEPC), and 1,10-phenanthroline were purchased from Sigma-Aldrich (St. Louis, MO). N-Bromosuccinic acid (NBS) and hydroxylamine were purchased from Hanhong Chemical Co., Ltd. (Shanghai, China). All other reagents used in this study were of analytical reagent grade.
Cloning of the chlorothalonil dehalogenase gene. The cloning of the chlorothalonil dehalogenase gene was carried out using the shotgun method. Genomic DNA of Pseudomonas sp. CTN-3 was prepared by a high-salt method (24) and subjected to partial digestion with Sau3AI. Fractions containing approximately 2-to 4-kb DNA fragments were pooled, ligated into the BamHI site of the plasmid pUC118, and transformed into competent Escherichia coli DH5␣. The library was plated onto Luria-Bertani (LB) agar plates containing 100 mg liter Ϫ1 of ampicillin and 0.4 mM chlorothalonil. The plates were incubated at 37°C for approximately 10 h and then stored at 16°C for 48 h. Colonies producing a clear transparent halo due to chlorothalonil transformation were screened and further tested for their chlorothalonil-transforming abilities by gas chromatography. The positive clones were sequenced by Shanghai Invitrogen Biotechnology Co., Ltd. Nucleotide and deduced amino acid sequence analysis, open reading frame (ORF) determination, multiple alignment, and molecular mass determination were performed using Omiga software (version 2.0). BlastP was used for a deduced amino acid identity search (www.ncbi.nlm.nih.gov/Blast). Solvent accessibility and the secondary structure of the protein were predicted by the modeling server JPred (10) . Multiple protein sequence alignments were constructed using Clustal X. Phylogenetic analyses of the protein sequences were performed using the software MEGA 3.1. Distances (distance options according to the Kimura two-parameter mode) were calculated, and clustering was performed with the neighbor-joining method (21) .
Gene expression and purification of the recombinant enzyme. The positive ORF without its translation stop codon was amplified by PCR and inserted into the NdeI and XhoI sites of the expression vector pET29a(ϩ) to generate the recombinant plasmid pET-chd. The enzyme was overexpressed in E. coli BL21(DE3) using the His-Bind protein fusion and purification system. Harvested cells were washed and disrupted by using a French press (Thermo Spectronic). Cell debris and insoluble proteins were removed by centrifugation (12,000 ϫg for 10 min at 4°C). The supernatant was loaded onto a His-Bind resin (Novagen). After elution of nontarget proteins with 25 mM imidazole in 20 mM Tris-HCl (pH 6.5) and 50 mM NaCl, the target fusion protein was eluted with 100 mM imidazole in 20 mM Tris-HCl (pH 6.5) and 50 mM NaCl. The enzyme was dialyzed against phosphate-buffered saline (PBS; 50 mM; pH 7.0) for 24 h and concentrated using an Amicon ultrafiltration tube. Protein concentrations were quantified by the Bradford method using bovine serum albumin as the standard.
Chlorothalonil determination by gas chromatography. The solution mixture was extracted with an equal volume of dichloromethane. The organic layer was dehydrated with anhydrous Na 2 SO 4 and dried under reduced pressure using a centrifugal evaporator at room temperature. The residual organic material was redissolved in n-hexane. Chlorothalonil was detected by gas chromatography (Shimadzu GC-14B) coupled with an electron capture detector and an SPB-5 column (30 m by 250 m by 0.25 m). Nitrogen was used as the carrier gas (1 ml min Ϫ1 ), and the temperatures of the injector/interface, column, and detector were set at 190°C, 250°C, and 250°C, respectively.
Metabolite identification. Five hundred milliliters of PBS (50 mM; pH 7.0) containing 300 mg of chlorothalonil was incubated with 3 ml of the purified enzyme (1 mg ml
Ϫ1
) at 37°C for 36 h. For detection of chloride production, the enzymatic reaction was terminated by adding 0.1 ml of 30% HNO 3 . The mixture was centrifuged, and the supernatant was mixed with mercuric thiocyanate and ferric ammonium sulfate and then monitored spectrophotometrically at 460 nm (16) . Abiotic dehalogenation was tested in the same buffer without adding the enzyme. For identification of the metabolite produced during chlorothalonil transformation by the purified enzyme, the enzymatic solution was acidified to a pH of 3 with HCl and extracted with an equal volume of ethyl acetate. The organic layer was dehydrated with anhydrous Na 2 SO 4 and dried as described above. The residual organic material was redissolved in acetonitrile and separated by thin-layer chromatography (TLC) on a silica gel G using a hexaneisopropanol-methanol (5:3:2, vol/vol/vol) solvent system. The metabolite was visualized under UV light at 254 nm. The spots corresponding to the metabolite were scratched from the plates, extracted in acetonitrile, and dried as described above. The metabolite was first identified by reverse-phase high-performance liquid chromatography (HPLC; Shimadzu LC-20AD, Waters 2487 Dual absorbance detector) with a Nova-Pak C 18 cartridge (3.9 by 150 mm). The metabolite was further confirmed by tandem mass spectrometry (MS/MS; Finnigan TSQ Quantum Ultra AM). Nuclear magnetic resonance (NMR) analysis was carried out to determine the position of the dehalogenated chlorine atom. The 1 H and 13 C NMR spectra were recorded on a JOEL JNM ECA-600 spectrometer operating at 600.17 MHz and 150.91 MHz with CDCl 3 or dimethyl sulfoxide inside, using the standard pulse sequence at room temperature. Assignment of the signals was carried out by considering their relative heights and by comparison with the calculated chemical shift values using substituent shift parameters.
Dehalogenation assay under anaerobic conditions. Anaerobic dehalogenation experiments were performed in 25-ml Erlenmeyer flasks that were closed gastight by headspace caps. Trace elements of oxygen in the solution were removed by the addition of a reduced form of glutathione to a concentration of 10 mM. Resazurin (0.002 mM) was used as an indicator of anoxic conditions in the assay. The dehalogenation activity was monitored by gas chromatography.
Determination of the molecular mass and pI. The molecular mass of the denatured enzyme was determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The protein was stained with Coomassie brilliant blue G250 (Amresco). A zymograph assay of the enzyme was conducted as previously described, except that chlorothalonil was used as the substrate (14) . To determine the molecular mass of the native enzyme, the enzyme was analyzed by using an Ultraflex II matrix-assisted laser desorption-ionization-time-of-flight mass spectrometer (MALDI-TOF MS; Bremen, Germany) equipped with a solid-state smart beam under the control of the FlexControl 2.4 software (Bruker Daltonics GmbH). The pI of the enzyme was estimated by PAGE with 6.25% Ampholine (pH 3.5 to 10) in a gel rod (0.5 by 1.0 cm) using a kit for isoelecric focusing calibration (Pharmacia LKB) according to the supplier's recommendations.
Enzyme assay. All enzyme assays were performed in PBS (50 mM; pH 7.0), and no more than 10% of the substrate was dehalogenated during the assay. Because Chd had the highest catalytic activity at 50°C, all dehalogenase activities were assayed at 50°C unless otherwise stated. For dehalogenase activity assays, 50 l of the enzyme was mixed with 0.2 mM chlorothalonil in 1 ml of PBS and the reaction mixture was incubated at 50°C for 10 min. One unit of enzyme activity was defined as the amount of enzyme that produced 1 mol of the metabolite 4-hydroxy-2,5,6-trichloroisophthalontrile (4-TPN-OH) per min from chlorothalonil. 4-TPN-OH was obtained from the transformation of chlorothalonil by the purified enzyme, and the purity (Ͼ99.99%) was detected by reversephase HPLC. For kinetic studies, chlorothalonil was appropriately diluted into at least five different concentrations around the dissociation constant (K m ) value. Initial reaction velocities measured at various concentrations of substrate were fitted to the Lineweaver-Burk transformation of the Michaelis-Menten equation. Kinetic analyses by curve fitting were performed with SigmaPlot software.
Biochemical characterization. The pH range of the enzyme was determined by incubating the enzyme with 0.2 mM chlorothalonil for 30 s at pHs from 4 to 10. For the pH stability determination, the enzyme was incubated in PBS (50 mM) at pHs from 4 to 10 at 50°C for 10 min. For determination of the thermostability, the enzyme was preincubated in a water bath at different temperatures for 1 h, and then the remaining activity was assayed. The effects of potential inhibitors on the enzyme were determined by the addition of various chemical agents to the reaction mixture preincubated at 50°C for 10 min. Reaction of dehalogenase with hydroxylamine and NBS was carried out as previously described (47) .
Site-directed mutagenesis. Mutagenesis of the enzyme was performed using rapid PCR site-directed mutagenesis. The entire plasmid containing the chd gene was amplified by using Primestart DNA polymerase and phosphorylated primers (synthesized in GenScript) that introduced the desired changes. The amplified linear PCR product containing the desired mutation was circularized with T4 DNA ligase and T4 polynucleotide kinase. The resulting plasmid was transformed into competent E. coli cells. Twenty-six mutants (C25A, H38Q, D45A, H63Q, D67A, S81T, S126H, H128Q, D130A, T150I, H157Q, D184A, E203V, D215A, W219F, W227F, W241F, D244A, D264A, H271Q, W282F, H283Q, D323A, W324F, H326Q, and D337A) were constructed using this technique. The DNA sequences of these resulting mutants were verified by double sequencing.
Nucleotide sequence accession numbers. The nucleotide sequences of the chlorothalonil hydrolytic dehalogenase genes were deposited in the GenBank database under accession numbers GQ292539 and GQ485642.
RESULTS
Cloning of the chlorothalonil dehalogenase gene and purification of the recombinant enzyme. Two positive clones, designated as 1-10 and 2-1, were screened from a library containing approximately 15,000 transformants. Clone 2-1 was found to show only about 50% of the transformation capability of clone 1-10. The inserted fragments in the two positive clones had a 1,243-bp overlap in sequence that nearly covered a 1,026-bp ORF. In the inserted fragment of clone 2-1, 19 bp at the 3Ј end of the 1,026-bp ORF were not included; this may explain the lower transformation ability of clone 2-1. The 1,026-bp ORF was expressed in E. coli DH5␣, and the capacity to degrade chlorothalonil was confirmed. The cloned gene encodes a 342-amino-acid protein with a calculated molecular mass of 36,823 Da. A putative ribosomal binding site (AGG TAA) was located 6 bp upstream of the ATG start codon. The GϩC content was 58.6%. No potential signal sequence was found. The enzyme encoded by this gene was overexpressed in E. coli BL21(DE3) and purified from the crude extract using Ni-nitrilotriacetic acid affinity chromatography.
Identification of the metabolite produced during chlorothalonil transformation. Chloride production was detected spectrophotometrically during the transformation of chlorothalonil by the purified enzyme, indicating that a dehalogenation reaction was involved. Only one metabolite was detected by TLC and reverse-phase HPLC after the complete transformation of (Fig. 2) .
NMR analysis was performed to determine the position of the hydroxyl group in hydroxy-trichloroisophthalonitrile. The 13 C NMR spectrum of chlorothalonil revealed five signals at 111.54, 115.79, 133.97, 139.66, and 142.34 ppm. The identification of these five signals was in agreement with the estimation result of chlorothalonil (Fig. 3, top panel) Fig. 3, lower panel) . Due to the symmetry of the 4-and 6-chlorine atom in chlorothalonil, the metabolite was identified as 4-TPN-OH. Hydroxyl group substitution of the chlorine atom in chlorothalonil has been reported for soil microorganisms (26) . The 4-chlorine atom was presumed to be the most susceptible chlorine atom to be replaced in chlorothalonil (3). However, there has been no convincing evidence to confirm the position of the chlorine atom that is replaced. Here, for the first time, we provide authentic evidence to prove that the 4-chlorine atom was dehalogenated.
The substrate specificity of the enzyme was tested using various chloroaromatics, including chlorobenzene, p-dichlorobenzene, 4-chloronitrobenzene, pentachloronitrobenzene, 4-chlorobenzoate, 4-chlorophenylacetic acid, m-chloroaniline, p-chloroaniline, and pentachlorophenol. None of the other chloroaromatics tested was found to be dehalogenated by the enzyme. Interestingly, only one chlorine atom of chlorothalonil could be dehalogenated, even though the 4-and 6-chlorine atoms are symmetrical. The reactivity of 4-TPN-OH at a particular site is commonly affected by the electron-withdrawing properties of nitrile and other chlorine atoms at the ortho or para positions; therefore, the bond dissociation energy (BDE) of the 6-position carbon-chlorine will be affected by the 4-hydroxyl group. However, whether the dehalogentaion of only one chlorine atom from chlorothalonil is due to an effect on BDE or the enzyme's stereochemical selection of substrate needs further investigation.
Dehalogenation under anaerobic conditions. The purified enzyme transformed chlorothalonil to 4-TPN-OH, indicating that the dehalogenation reaction was either oxidative or hydrolytic. To identify whether an oxygenase or a hydrolytic dehalogenase was responsible for the dehalogenation, dehalogenation by the enzyme in the absence of oxygen was carried out to further confirm the mechanism of the dehalogenation reaction. Nearly no differences between the dehalogenation activities of the enzyme in the presence or absence of oxygen were found, demonstrating that the hydroxyl group of 4-TPN-OH was derived from water and not from molecular oxygen. Therefore, the conversion of chlorothalonil to 4-TPN-OH was a hydrolytic process, as opposed to an oxidative one (Fig. 1b) . According to the above data, the characterized Characteristics of Chd. The sequence of Chd was compared with other known enzymes available in the NCBI database. Chd contains a putative conserved domain of the metallo-␤-lactamase superfamily and shows the highest identity with several metallohydrolases, including a cyclase from Streptomyces coelicolor (29% identity), a Zn-dependent hydrolase from Stackebrandtia nassauensis (27% identity), and a ␤-lactamase-like protein from "Candidatus Koribacter versatilis" (24% identity). The secondary structure of Chd, predicted by the modeling server JPred, shows that Chd has a characteristic fold of the metallo-␤-lactamases. The characteristic metallo-␤-lactamase fold consists of an ␣␤/␤␣ sandwich consisting of a core of ␤-sheets surrounded by ␣-helices (Fig. 4) . Furthermore, His-X-His-X-Asp-His, the most characteristic signature of the metallo-␤-lactamase superfamily, was also found. However, the first histidine was replaced by serine (Fig. 4, shaded) .
The molecular mass of the denatured recombinant Chd on SDS-PAGE was determined to be approximately 36 kDa. The determined molecular mass is in good agreement with the molecular mass deduced from the amino acid sequence (36, 823 Da) . Zymographic analysis of Chd on agar plates containing 0.4 mM chlorothalonil showed a single hydrolytic band corresponding to the same position as that on SDS-PAGE. The molecular mass of native Chd was estimated using MALDI-TOF MS. Only one mass peak was found, corresponding to a molecular mass of 33,886 Da. These data indicate that Chd is a monomer. The pI value of Chd was estimated to be 4.13. For chlorothalonil, the overall catalytic rate (k cat ) of Chd was 207 s Ϫ1 with a dissociation constant (K m ) of 0.112 mM. The catalytic efficiency value (k cat /K m ) under optimal conditions was 1.85 M Ϫ1 s Ϫ1 . These data indicate that chlorothalonil is a good substrate for Chd.
The optimal pH of Chd was observed to be approximately 7.0, and the enzyme was fairly stable at pHs between 6.0 and 9.0. The enzyme retained more than 95% of its original activity after preincubation in that pH range for 30 min. Chd was fairly stable up to 40°C and retained more than 95% of its activity at 50°C for 10 min. Chd retained 18% of its residual activity at 50°C for 1 h and completely lost activity at 60°C for 1 h. Only 3 to 5% of the enzymatic activity of Chd was lost when stored at 4°C for 8 weeks, and no significant loss of activity was found when it was stored at Ϫ20°C over a 3-month period in PBS (50 mM; pH 7.0) supplemented with 10% (vol/vol) glycerol. The surfactant SDS (10 mM) had a strong inhibitory effect (more than 90% inhibition) on Chd activity, while Tween 80 and Triton X-100 (10 mM) showed 50 to 60% inhibition of Chd activity. Chd catalytic activity was completely inhibited by the Zn 2ϩ -chelating metalloprotease inhibitor 1,10-phenanthroline (1 mM), and the catalytic activity of Chd was recovered by the subsequent supplementation with Zn 2ϩ . However, subsequent supplementation with Cu 2ϩ , Ba 2ϩ , Mg 2ϩ , or Ni 2ϩ could not recover the catalytic activity of Chd. 
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Identification of active residues essential for Chd catalysis. Deletion of the first 15 amino acids (MPPGCSGLCSFVGLT) in the amino terminus of Chd did not significantly affect the catalytic activity of Chd. However, deletion of the first 50 amino acids in the amino terminus resulted in a complete loss of Chd catalytic activity. These data indicate that residues from positions 16 to 50 are essential for Chd function or configuration. Group-directed chemical modification reagents were used to probe for active residues in Chd essential for substrate binding and/or catalysis. Treatment of the Chd with 0.5 mM DEPC resulted in the complete loss of catalytic activity, which was fully regained by subsequent treatment with hydroxylamine (0.1 M), indicating the involvement of His residues in the active sites of the enzyme, because other nucleophilic residues, Cys and Lys, would not be reversed by treatment with hydroxylamine (47) . Chemical modification of Chd with 1 mM NBS resulted in the complete loss of catalytic activity, and this was prevented by the saturation of the active site with the product ligand 4-TPN-OH (1 mM). These data provide evidence favoring an essential role of a tryptophan in the active site of Chd (47) . Site-directed mutagenesis was used to identify the specific residues essential for catalysis. Replacement of Cys25 with alanine did not significantly affect the catalytic activity of Chd, indicating that the nucleophilic residue cysteine is not involved in catalysis. There are only two cysteine residues in Chd, and the other residue is within the first 15 amino acids of the amino terminus. Next, we replaced the histidine residues at positions 38, 63, 128, 157, 271, 283, and 326 with glutamine. Significant loss of catalytic activity was observed only when histidines 63, 128, and 157 were mutated.
The H63Q mutant was still capable of transforming chlorothalonil, but its K m was increased to 0.154 mM. However, the H128Q and H157Q mutants completely lost their catalytic activity. All five tryptophan residues were replaced with phenylalanine residues, respectively. Only the W241F mutant completely lost its catalytic activity, and other tryptophan mutants were not found to have a significant loss of catalytic activity. Further, we mutated some aspartate residues to alanines. The D45A, D130A, and D184A mutants were found to completely lose their catalytic activities. The K m for the D337A mutant Chd increased to 0.176 mM, and it showed about 50% transformation activity compared to the wild-type Chd. This K m change in the D337A mutant might explain the lower transformation ability of clone 2-1. All other mutants were not found to have a significant loss of catalytic activity. His127 and Asp129 in Chd seem to be involved in metal coordination, because most of the amino acids believed to serve as Zn(II) ligands for the metallo-␤-lactamase superfamily are conserved within the consensus His-X-His-X-Asp-His signature. Mutation of the conserved His271, a potential metal binding ligand in the metallo-␤-lactamase superfamily (Fig. 4 , underlined), to glutamine did not significantly affect the catalytic activity of Chd.
DISCUSSION
Hydrolytic dehalogenation is commonly observed as the first step in the degradation of synthetic halogenated compounds. Hydrolytic dehalogenases catalyze the replacement of halogen with a hydroxyl group from water as the nucleo- phile, resulting in the formation of a primary alcohol, a halide ion, and a proton. To date, several hydrolytic dehalogenases have been reported, including alkylhalidase (EC 3.8.1.1), (S)-2-haloacid dehalogenase (EC 3.8.1.2), haloacetate dehalogenase (EC 3.8.1.3), haloalkane dehalogenase (EC 3.8.1.5), 4-chlorobenzoyl-CoA dehalogenase (EC 3.8.1.7), atrazine chlorohydrolase (EC 3.8.1.8), (R)-2-haloacid dehalogenase (EC 3.8.1.9), 2-haloacid dehalogenase (configuration inverting; EC 3.8.1.10), and 2-haloacid dehalogenase (configuration retaining; EC 3.8.1.11). All these halidohydrolase-type dehalogenases seem to prefer short-chain halogenated aliphatic hydrocarbons and halogenated carboxylic acids. Until now, only one hydrolytic dehalogenase for halogenated aromatics has been reported: the 4-chlorobenzoate dehalogenase complex. The hydrolytic dehalogenation activity of the 4-chlorobenzoate dehalogenase complex is comprised of three separate enzymes, 4-chlorobenzoate-CoA ligase, 4-chlorobenzoyl-CoA dehalogenase, and 4-hydroxybenzoyl-CoA thioesterase, and needs CoA and ATP. The chlorothalonil dehalogenase reported here is the second hydrolytic dehalogenase for halogenated aromatic compounds to be identified. The notable difference between Chd and the 4-chlorobenzoate dehalogenase complex is that no other cofactors are required for hydrolytic dehalogenation by Chd. Chd is a novel dehalogenase that shares very low amino acid sequence identity with other reported dehalogenases. Phylogenetic analysis based on the amino acid sequences revealed that Chd forms a distinct subclade with other hydrolytic dehalogenases (Fig. 5) .
Besides the absence of sequence relatedness, the mechanism of catalysis by Chd is different from that of other dehalogenases. Studies of the crystal structures of DhlA from Xanthobacter autotrophicus GJ10 (42), DhaA from Rhodococcus sp. (27) , and LinB from Sphinomonas paucimobilis UT26 (23) show that these haloalkane dehalogenases belong to the ␣/␤-hydrolase superfamily. The catalytic triad (Asp-His-Asp/Glu) of haloalkane dehalogenases is located within an internal, predominantly hydrophobic cavity, occurring at the same topological positions as in other members of the ␣/␤-hydrolase superfamily and containing the conserved feature sequence Gly-X-Ser-X-Gly at the nucleophile elbow. The cen- tral serine of the feature sequence is the terminal residue of the catalytic triad (Ser/Asp/Cys-His-Asp/Glu), whose function consists of orienting and activating the Serine-O␥ to act as the nucleophile. In Chd, the conserved catalytic residues (Asp-HisAsp/Glu) of the haloalkane dehalogenases were not found in the sequence alignment. Interestingly, the Gly-X-Ser-X-Gly feature signature of the ␣/␤-hydrolase superfamily was found in Chd (Fig. 4, shaded) , even though poor conservation at the nucleophile elbow of haloalkane dehalogenases was reported. Site-directed mutagenesis yielded nearly no reduction in the activity of Chd upon the replacement of the serine within the Gly-X-Ser-X-Gly motif with threonine. However, complete loss of activity was seen as a result of the corresponding exchange within the His-X-His-X-Asp-His motif. Thus, the catalytic function of Chd appears to be located within the metallo-␤-lactamase motif, instead of the ␣/␤-hydrolase motif. In the most typical signature of the metallo-␤-lactamase superfamily, His-X-His-X-Asp-His, the first histidine and the aspartic acid are reported to be invariant. However, in Chd, the first histidine of the signature is replaced with a serine. Interestingly, the reverse replacement of the serine with histidine in the signature resulted in the complete loss of the catalytic activity of Chd.
The catalytic mechanism of Chd may also differ from that of 4-chlorobenzoyl-CoA dehalogenase, which contains a crotonase-like superfamily domain. In 4-chlorobenzoyl-CoA dehalogenase, Asp145 functions as the active site nucleophile, Trp137 serves as a hydrogen bond donor to the Asp145 CAO, and His90 serves to deprotonate the bound H 2 O molecule (22, 47) . Even though 4-chlorobenzoyl-CoA dehalogenase also catalyzes the hydrolytic dehalogenation of the 4-chlorine atom of halogenated aromatics and Asp45, His63, His157, Asp183, Trp241, and Asp337 in Chd proved to be important residues for catalysis, no conserved catalytic residues were found between 4-chlorobenzoyl-CoA dehalogenase and Chd. The catalytic mechanism by which Chd dehalogenates chlorothalonil needs further investigation, and the specific roles of these essential catalytic residues in Chd remain to be elucidated by crystal structure studies. Collectively, we have identified a good dehalogenase candidate for study of the hydrolytic dehalogenation mechanism for halogenated aromatic compounds.
